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INTERPRETATION
We conclude that perinatal white-matter injury of the central corpus callosum may have long-term developmental implications for reading performance.
Brain injury is an important source of cognitive, learning, and behavioral impairment in children born preterm. 1 Perinatal white-matter injury accounts for most neuropathological lesions in this population. 2, 3 White-matter injury results from a combination of factors, including immaturity of the vasculature in developing white-matter and the vulnerability of oligodendroglial precursor cells to infection and hypoxic-ischemic injury between 24 and 32 weeks' gestation. 2 White-matter injury represents a spectrum of lesions ranging from the focal cystic necrotic lesions of periventricular leukomalacia to the non-cystic, diffuse myelination disturbances that comprise most cases. 2 Diffusion tensor imaging (DTI), an application of magnetic resonance imaging, measures the microstructural properties of healthy and injured white-matter. 4 One commonly used measure is fractional anisotropy, a measure of the directionality of water diffusion. High fractional anisotropy values correspond to restricted diffusion in one direction; low values correspond to more isotropic diffusion. Fractional anisotropy of white-matter is influenced by several factors, including myelination, packing density, and axon size. 4 Reduced fractional anisotropy values in white-matter indicate abnormality or damage, caused by loss or disorganization of axons or injury to myelin. 5 Diffusion tensor imaging has been used to characterize differences in white-matter between preterm and term infants and children. [5] [6] [7] Two studies of adolescents born at low birthweight and ⁄ or preterm found reduced fractional anisotropy in the corpus callosum and other white-matter tracts. 6, 7 Skranes et al. 5 compared very low birthweight adolescents with those of normal birthweight and found that fractional anisotropy in several specific regions correlated with visual and motor skills, IQ, and social deficits. Formal measures of receptive vocabulary and verbal IQ have also been found to correlate with fractional anisotropy values in specific white-matter tracts in preterm adolescents. 6 Skilled reading is a crucial aspect of children's academic performance. In both term and preterm children, reading difficulties at a young age often persist to adolescence and adulthood. 8, 9 In a retrospective study, the presence of white-matter injury, independent of gestational age, was associated with lower reading and spelling scores in school-age children.
Diffusion tensor imaging has identified two specific whitematter regions that are associated with reading performance in children from the general population. Deutsch et al. 11 first reported an association in children between reading performance scores and fractional anisotropy values in a left temporoparietal region, a finding that has since been replicated. 12, 13 Dougherty et al. 14 have reported an association between reading skills and radial diffusivity, another measure of white-matter integrity, in callosal fibers connecting the temporal lobes. Further data are needed to understand fully the white-matter tracts that subserve reading. 15 To summarize, previous studies have established connections between (1) preterm birth and damage to white-matter, (2) preterm birth and reading difficulties, and (3) reading skills and damage to white-matter. Our purpose in this study was to investigate the association between white-matter integrity and reading ability in a sample of children born preterm, who would be likely to have a wider range of fractional anisotropy values than participants in previous studies, and a comparison group of children born at term. We tested the hypothesis that birthweight and reading skills are associated with fractional anisotropy in regions of the brain previously found to be susceptible to white-matter injury.
METHOD Participants
Participants (n=28; 19 preterm, nine term) were 9-to 16-yearold native English speakers (preterm: 14 males, five females; mean age 11y 11mo, [SD 1y 10mo]; term: five males, four females; mean age 12y 8mo, [SD 2y 5mo]; p=0.441). Written informed consent was obtained from all parents and assent from participants. The University of Pittsburgh Institutional Review Board and the Stanford Panel on Human Subjects in Medical and Non-Medical Research approved all procedures. Preterm participants responded to a mass mailing to families who had participated in an early intervention program for children born preterm. For preterm participants, gestational age and birthweight data were available for 18 participants. Among these participants, gestational age ranged from 24 to 36 weeks (mean 30.5wks, SD 325) and birthweight ranged from 572 to 2608g (mean 1455g, SD 625). The participant for whom gestational age and birthweight data were not available was excluded only from analyses of these factors. Participants born at term responded to advertisements in a variety of locations and periodicals. For participants born at term, gestational age ranged from 38 to 42 weeks (mean 39.6wks, SD 1.2) and birthweight ranged from 2863 to 4423g (mean 3877g, SD 473).
Complete perinatal medical records were available for nine preterm participants. Newborn transcranial ultrasound noted intraventricular hemorrhage in three participants. A history of intrauterine growth restriction, chorioamnionitis, and cerebral palsy was present in four, one, and one participant(s) respectively. Other complications, each noted in a different participant, included nuchal cord, oligohydramnios, premature rupture of membranes, pneumonia, and a course of indomethacin for patent ductus arteriosis.
Behavioral testing
Participants completed a battery of behavioral testing, including the four subtests of the Wechsler Abbreviated Scale of Intelligence (WASI), 16 generating an IQ score (standardized mean 100, SD 15), and the following subtests of the Woodcock-Johnson III Tests of Achievement 17 (all with standardized mean 100, SD 15): word identification, a letter and word recognition task; word attack, reading of pseudowords; passage comprehension, and comprehension of single sentences and short paragraphs.
Acquisition of imaging data
Structural magnetic resonance imaging and DTI data were acquired with a Siemens 3T MAGNETOM Allegra (Erlangen, Germany) system with a standard circularity-polarized head coil. Pillows and tape minimized head movement. Earplugs dampened scanner noise.
Structural images were acquired first, using a sagittal magnetization-prepared rapid gradient-echo T1-weighted sequence (repetition time 1570ms, echo time 3.04ms, flip angle 8°, inversion time 800ms, voxel size 0.78mm · 0.78125mm · 0.78125mm). The DTI protocol was repeated 14 times, and the images were averaged to improve signal quality. The pulse sequence was a diffusion-weighted, singleshot, spin-echo, echo-planar imaging sequence (echo time 82ms, repetition time 3.9s, field of view 200mm, matrix size 128·128, voxel size 1.5625mm·1.5625mm·4mm). We acquired 29 axial slices of 4mm thickness (no skip) for two b values, b=0 and b=850s ⁄ mm 2 . Diffusion was measured in six non-collinear directions.
Image preprocessing
T1 and DTI data were preprocessed and analysed with mrVista (http: ⁄ ⁄ white.stanford.edu ⁄ software) and Matlab R2006b (The Mathworks, Natick, MA, USA). For each participant, the T2-weighted (b=0) images were co-registered to the T1-weighted three-dimensional MPRAGE anatomical images. Co-registration was initiated by using the scanner coordinates stored in the image headers to achieve an approximate alignment. This alignment was refined by using a mutual-information three-dimensional rigid-body co-registration algorithm from SPM2 (http: ⁄ ⁄ www.fil.ion.ucl.ac.uk ⁄ spm ⁄ ). Several anatomical landmarks, including the anterior commissure, the posterior commissure, and the midsagittal plane, were identified by hand in the T1 images. With these landmarks, we computed a rigid-body transform from the native image space to the conventional anterior commissure -posterior commissure aligned space. The T1 images were resampled to the anterior commissure -posterior commissure aligned space with 1mm isotropic voxels. The DTI data were resampled to this anterior commissure -posterior commissure aligned space with 2mm isotropic voxels by using a spline-based tensor interpolation algorithm. 18 The six elements of the diffusion tensor were determined by multivariate regression. The eigenvalue decomposition of the diffusion tensor was computed, and the fractional anisotropy was calculated by using the resulting eigenvalues. We confirmed by visual inspection of each participant's data set the alignment of DTI and T1 images in the brain regions of interest. To report Montreal Neurological Institute coordinates, a nonlinear transformation was computed between the B0 volume and the Montreal Neurological Institute T2 template using the spatial normalization tools from Statistical Parametric Mapping (SPM2) software (http: ⁄ ⁄ www.fil.ion.ucl.ac.uk ⁄ spm ⁄ ). Visual inspection of each participant's DTI data revealed that echo planar imaging distortions were not significant in our regions of interest.
Regions of interest definitions and statistical analysis
We used a region of interest (ROI) analysis in which ROIs were defined in individual brains based on Montreal Neurological Institute coordinates and anatomical markers. We examined ROIs in a temporoparietal region (Fig. 1 ) and in the total corpus callosum. The temporoparietal ROI was defined by using the guidelines in Deutsch et al. 11 The ROI was a sphere of 5mm radius at Montreal Neurological Institute coordinates ()28, ) 28, 25) and at the corresponding location in the right hemisphere (28, )28, 25).
We next segmented the callosum by generating callosal ROIs following a standard anatomical scheme that has been previously applied to healthy and patient populations. 19 In the midsagittal slice in each individual's fractional anisotropy image, we created four callosal ROIs: (1) genu, (2) body, (3) isthmus, and (4) splenium. After the standard method, the length of the callosum on the y-axis (L) was divided into thirds. The anterior third (L ⁄ 3) was the genu, and the middle third (L ⁄ 3) was the body. The posterior third was further divided such that the posterior segment (L ⁄ 5) was the splenium and the remaining segment (L ⁄ 3-L ⁄ 5) was the isthmus. Each callosal ROI was defined manually on the fractional anisotropy map by a single researcher (JA) using a conservative fractional anisotropy threshold of 0.2 to confine the data to white-matter only. A fractional anisotropy value of 0.15 was shown previously to provide a reliable threshold between gray matter and white-matter. 20 We simplified the standard scheme to increase the number of voxels in each ROI in order to increase the ROIs' reliability (Fig. 2) . In each ROI we calculated the mean fractional anisotropy.
Last, we generated the callosal ROIs in each individual's T1 image. These T1 ROIs were used to test whether the ROI volume correlated with birthweight and ⁄ or reading scores. The T1 data, rather than the DTI data, were used to test for these correlations because of the greater spatial resolution of the T1 images compared with the DTI images. Each ROI's volume (in cubic millimeters) was calculated. To control for differences in whole-brain white-matter volume, we created a white-matter mask, using a threshold of fractional anisotropy greater than 0.2, from each participant's DTI image. The volume of this white-matter mask gave us a measure of wholebrain white-matter volume.
Data analysis
We conducted group comparisons using Student's t-test, and we tested for associations using Spearman's rank correlation coefficient as defined by SPSS for Windows (version 16.0; SPSS Inc., Chicago, IL, USA). Significance tests were twotailed. We used the non-parametric correlation test because of the relatively small sample size in which data for fractional anisotropy, gestational age, birthweight, and reading score were not normally distributed. We also tested for a correlation between ROI volume and reading scores while partialling out the effect of whole-brain white-matter volume. We used linear regression to test which of the above factors predicted reading scores. All statistical calculations were performed using with SPSS. We set statistical significance at p<0.05. Given the small number of hypothesis-driven comparisons, we did not correct the significance threshold for multiple comparisons. 21 
RESULTS

Behavioral results
Table I summarizes the participants' IQ and reading scores. Participants, as a group, performed in the normal range. However, group differences in mean scores on the Wechsler Abbreviated Scale of Intelligence (WASI: p=0.02), word identification (p=0.001), word attack subtest (p=0.001), and passage comprehension (p=0.021) were significant. Scores on all subtests correlated at p<0.05, except word attack and passage comprehension (rho=0.218 and p=0.319 respectively). The cor- relations of birthweight with word identification and word attack scores were significant (identification: rho=0.472, p=0.011; attack: rho=0.533, p=0.004).
Conventional magnetic resonance imaging findings
Radiological findings on T1 images were within the range of normal for all participants who were born at term except one who was noted to have a cerebellar Chiari I malformation. Among the preterm participants, 13 had normal imaging appearances, three had ventricular dilatation (one mild, two moderate), three had moderate thinning of the posterior corpus callosum, and one had persistent cavum septum pellucidum and vergae.
Fractional anisotropy values
The mean fractional anisotropy values for callosal ROIs in preterm and term participants are summarized in Table I . Fractional anisotropy differed significantly between these two groups in the total corpus callosum (p=0.001); differences within the genu (p=0.01), body (p=0.001), and splenium (p=0.036), but not isthmus, were significant. The association of fractional anisotropy in the whole callosum and birthweight was significant (rho=0.653, p=0.001; Table II ). Birthweight correlated with fractional anisotropy in the genu (rho=0.656, p=0.001) and body (rho=0.601, p=0.001) of the callosum. Interestingly, fractional anisotropy did not differ significantly between preterm and term participants in the left or right temporoparietal ROIs, though the correlation between fractional anisotropy values in the left and right temporoparietal ROIs was significant (rho=0.659, p=0.001).
Correlations with reading
Table II summarizes the correlations of birthweight and fractional anisotropy with reading scores. The correlation of fractional anisotropy of the left and right temporoparietal ROIs with word identification scores approached but did not reach statistical significance (left: rho=0.322, p=0.095; right: rho=0.371, p=0.052), though the correlation of fractional anisotropy of these regions with passage comprehension was significant (left: rho=0.416, p=0.027; right: rho=0.451, p=0.014). The correlation of fractional anisotropy of the whole callosum and word identification scores was significant (rho=0.553, p=0.002). Word identification scores and fractional anisotropy of the genu (rho=0.602, p=0.001) and body (rho=0.755, p=0.001) of the callosum showed a strong positive correlation (Fig. 3) . The correlation between fractional anisotropy and word identification in the body, not in the genu, remained highly significant even after controlling for birthweight (rho=0.531, p=0.009) and then for WASI IQ score (rho=0.519, p=0.008). Stepwise linear regression revealed that fractional anisotropy of the body of the callosum was significantly associated with word identification scores (b=0.679, p=0.001), whereas birthweight, WASI, and fractional anisotropy of temporoparietal and all other callosal ROIs were not. Stepwise linear regression also revealed that WASI scores were significantly associated with passage comprehension (b=0.698, p=0.001), whereas birthweight and fractional anisotropy in temporoparietal and all callosal ROIs were not. We did not detect a significant correlation between volume and word identification scores or between volume and birthweight in any callosal segment. Stepwise linear regression revealed that fractional anisotropy of the body of the callosum, but not white-matter volume, was significantly associated with word identification scores.
DISCUSSION
We report a novel finding that reading performance correlates with fractional anisotropy in the body of the callosum in a group of children with a range of gestational ages. In addition, we identified a difference in mean reading scores between preterm and term participants, and we corroborated a significant difference in mean fractional anisotropy of the corpus callosum in preterm versus term children. 6, 7 The correlation between decoding skill and fractional anisotropy of a previously studied left temporoparietal ROI was not significant; however, the correlation of passage comprehension and fractional anisotropy in this region was significant. 15 The correlation between fractional anisotropy and reading in the body of the corpus callosum persisted when we controlled for birthweight and IQ, indicating that this cor- Table II relation is not explained by differences in the degree of preterm birth or overall IQ. Rather, this trend probably reflects how underlying differences in properties of white-matter microstructure influence reading skill. The presence of this correlation between fractional anisotropy and reading among children of varying degrees of preterm birth suggests that these regions of the callosum may be particularly important to reading performance. As in previous studies, 7, 22 we found that white-matter microstructural abnormalities, the sequelae of preterm birth and white-matter injury, persist into adolescence and are detectable by DTI. Moreover, DTI detected these abnormalities despite a normal appearance on conventional T1 imaging for nearly all participants. We also observed a correlation with specific cognitive function: skilled reading performance. Perinatal white-matter injury of the central callosum may, therefore, have long-term developmental implications for reading performance throughout childhood and into young adulthood. DTI measurements, such as fractional anisotropy, may be useful in identifying which school-age children will experience reading difficulties as young adults.
Others have reported reduced fractional anisotropy throughout the callosum, including in the body, in preterm children, 7 and a correlation between cognitive language skills and fractional anisotropy in the posterior callosum in term children. 14, 23 Recent tractography studies have depicted the projections from the body of the callosum as terminating in the posterior frontal and anterior parietal cortices.
14,24 These projections to the posterior frontal cortex may include projections to the posterior region of the inferior frontal gyrus, which is extensively implicated in phonological processing. 25 We recognize that in children with white-matter injury, organization of white-matter tracts may be altered. 26 Thus we are cautious to interpret which tracts are implicated in our cohort.
Volume did not correlate with reading in any of the callosal segments, which suggests that the relation between fractional anisotropy and reading is the result of white-matter microstructural differences detected by DTI rather than regional differences in white-matter volume. Fractional anisotropy reductions reflect disruptions of axonal membrane organization and myelination. 27 For a cognitive process, such as reading, which relies on widely distributed neural pathways throughout the brain, disruptions of the relevant white-matter tracts may, therefore, be associated with reduced cognitive functioning.
Previous studies 11, 28 have reported a correlation between fractional anisotropy and reading performance in a left temporoparietal ROI. In our cohort, the correlation between fractional anisotropy of this ROI and word identification, a measure of decoding, approached but did not reach statistical significance. However, the correlation with passage comprehension, a measure associated with overall IQ, was significant. We may not have identified this association because the participants in our study had higher reading scores than the poor readers in previous studies. It is also possible that this negative finding reflects difficulties of the normalization process in aligning neuroanatomical structures for preterm children with diffuse white-matter injury. We favor the latter explanation, and we hypothesize that positional shifting of one or more of the major white-matter tracts traversing this region may explain why the correlation with word identification failed to reach statistical significance in our cohort. Fractional anisotropy values in the left and right temporoparietal ROIs were highly correlated (rho=0.659), which argues against explaining our negative finding in the left hemisphere by increased lateralization of the relevant white-matter tracts to the right hemisphere. Moreover, our ability to detect the correlations between fractional anisotropy and passage comprehension in the temporoparietal ROI and between fractional anisotropy and word identification in the callosum suggests that our study was sufficiently powered to detect the trends of interest.
Our study is limited by a relatively small sample size (n=28) and by our inability to obtain perinatal medical records on some preterm participants. Increased spatial resolution and isotropic voxels would have enabled us to dissect the callosum using fiber-tracking techniques that detect individual variability in callosal shape and organization.
CONCLUSION
White-matter microstructural measures in the body of the callosum significantly correlated with reading skills in a sample of preterm and term children. These findings suggest that this region is important to reading performance. Future research will examine the fiber-tract projections of this region of the callosum and elucidate the cortical regions subserved to understand the cognitive sequelae of diffuse white-matter injury. Characterizing white-matter integrity, tract organization, and cognitive abilities may lead to understanding of neural plasticity and re-organization after the white-matter injury of preterm birth.
